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Control banding (CB) can be a useful tool for managing the potential risks of nanomaterials. The here proposed CB, which
should be part of an overall risk control strategy, groups materials by hazard and emission potential. The resulting decision
matrix proposes control bands adapted to the risk potential levels and helps define an action plan. If this plan is not practical
and financially feasible, a full risk assessment is launched. The hazard banding combines key concepts of nanomaterial toxicology:
translocation across biological barriers, fibrous nature, solubility, and reactivity. Already existing classifications specific to the
nanomaterial can be used “as is.” Otherwise, the toxicity of bulk or analogous substances gives an initial hazard band, which is
increased if the substance is not easily soluble or if it has a higher reactivity than the substance. The emission potential bands are
defined by the nanomaterials’ physical form and process characteristics. Quantities, frequencies, and existing control measures are
taken into account during the definition of the action plan. Control strategies range from room ventilation to full containment
with expert advice. This CB approach, once validated, can be easily embedded in risk management systems. It allows integrating
new toxicity data and needs no exposure data.
1. Introduction
Nanomaterials are materials with external structures in the
nanoscale, namely, between 1 and 100 nm [1]. They often
exhibit properties that diﬀer from those of the same material
which do not have nanoscale features, which provides oppor-
tunities for novel applications [2]. However, there are also
many uncertainties and questions related to potentially new
risks to workers and environment [3–5], in particular the
identification and quantitative assessment of hazards and
exposure to nanomaterials. The current occupational expo-
sure limits (OELs) are mostly defined for dusts which are
in the micrometer range at the workplace (e.g., inhalable or
respirable dusts). OELs exist for inert dust and for specific
dust-bound substances [6–9]. However, these values are
not necessarily appropriate when applied to manufactured
nanomaterials (MNM).
Occupational risk management aims at establishing the
appropriate means and techniques to ensure the safety and
health of employees. For chemical risks, the combination of
exposure and hazard of a chemical enables a quantitative
assessment of the risks. Identifying hazards involves an
exhaustive inventory of all chemicals found in an estab-
lishment, followed by the compilation of accurate, detailed
information on their potential hazards, mainly from labels
and safety data sheets. Estimating exposure requires a study
of the processes and procedures implemented, the quantities
handled, the duration and frequency of operations, the pro-
perties of the chemical, and so forth [10].
In the particular case of MNM, risk assessment is dif-
ficult due to the many uncertainties related to both the
identification of potential hazards and the characterization
of exposure [11]. Given the current state of knowledge on
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MNM, it is highly likely that many years will be needed
before we precisely know which types of nanomaterials and
associated doses represent a real danger to humans and their
environment. This makes quantitative risk assessment almost
impossible for most work situations. In this context, the
“Control Banding” method was presented as an alternative
solution [12, 13].
Control Banding (CB) is an established method to con-
duct a qualitative risk assessment and to take measures to
protect workers. It was developed in the pharmaceutical
industry to ensure the safety of workers applying processes
using products for which little information was available.
These new products were allocated to “bands,” mainly de-
fined according to the hazard level of known products similar
to those used, taking into account the assessment of exposure
at the work place. Each band corresponded to a risk control
strategy [14]. Shortly after, the UK Health and Safety Exec-
utive developed a banding method called COSHH Essentials
[15–18], that was easier to use and more accessible for small
professional organisations that could not aﬀord the expertise
of an occupational hygienist. A similar scheme to COSHH
Essentials was described in a practical guide published
by the “German Federal Institute for Occupational Safety
and Health” [19]. The Stoﬀenmanager tool [17] proposes
a further development by combining a hazard allocation
scheme similar to COSHH Essentials and an exposure band
allocation method based on a simplified exposure model
that is easy for nonexperts to understand and use. Exposure
estimates for nanomaterials are currently associated with
considerable uncertainties [20] and pose serious challenges
even to experts. The here proposed approach therefore relies
initially only on the emission potential of the nanomaterials’
physical form and on processes characteristics.
Although CB is a potential solution, there are few
useable models adapted for use in activities related to the
research, production, or processing of MNM. One concep-
tual approach incorporated the same control schemes as
the British HSE tool [2]. Other, more recent tools [12, 21]
attempted to take account of current knowledge on the
toxicology of nanomaterials applied to the above-described
CB structure.
The aim of the here presented study was the development
of an operational CB approach for small to large enterprises
using a hazard classification that is based on few, very
fundamental physicochemical and toxicological properties
of nanomaterials. It was already published in the form of
a report [22]. It is designed to allow taking into account
existing hazard data and the process the material will endure
to assess an emission potential, and it enables an easy
integration of new data expected to be generated over the
coming years. Classifying MNMs in these hazard bands will
ultimately provide producers and users of these substances
with input data for risk management according to control
levels, or “Control Banding”.
2. The Proposed Control Banding Approach
2.1. Integration into the Health and Safety Management at
Work. The control banding tool is an integral part of the
overall system of health and safety management at work
established by the employer based on the PDCA (Plan, Do,
Check, Act) model [23]. It requires input data, irrespective
of the phase of the MNM’s life cycle, such as information
collected at the work place through observation of actual
work, toxicology data as far as available, material and matrix
properties, and process characteristics. The proposed CB ap-
proach consists of the steps planning, implementation, and
check and correction. Though this paper focuses mostly on
the planning step, the following steps are of equal importance
for the success of the CB. The output generated by the CBwill
have an impact on other processes of the overall management
system defined by the employer. The tool assumes that there
is a “central support” that overlooks the risk management
strategy and that provides risk assessment expertise. This can
be either a health and safety oﬃce in the case of a large
company where the production line units apply the CB, or
it can be a risk consultant (private or government-based,
depending on the company- and country-specific situation)
that supports a series of SMEs in their risk management.
It is the role of this overarching management system to
ensure that the CB is included in the PDCA cycle and that
in addition there is a scheduled repeated review of the input
parameters used for the CB approach as well as a review and
update of the measures considered to be appropriate for the
required control bands.
The planning step of the CB-tool (Figure 1) is cen-
tral with regard to nanomaterials because it allocates the
nanomaterial or a product containing MNM to hazard and
emission potential bands and defines the feasibility and
programme of the action plan for a given period. If the
hazard is estimated as “very high” or if it cannot be estimated,
a full hazard assessment is needed. The combination of
hazard and emission potential band leads to a possible CB
strategy. The practical and financial feasibility of this strategy
is then evaluated. If it is feasible, an action plan will be
defined. Otherwise, a full risk assessment is needed in lieu
of the CB-approach. “Full risk assessment” means that an
expert, for example an occupational hygienist, assesses the
risk and proposes a risk management for the specific case
by including information about hazard, emission potential,
exposure, quantities used, process characteristics, existing or
proposed controls, and other activity-specific information.
“Full hazard assessment” means that the person applying the
CB requests a banding decision from a toxicologist through
the central support.
2.2. Allocating Hazard Bands. Hazard bands are levels of sim-
ilar severity of a material’s hazard. They relate to various cri-
teria for toxicity, described or suspected, in the literature or
technical documentation (labelling, product classification).
For the allocation of an MNM to a hazard band, we consider
only the potential hazard of the present MNM, whether raw
or incorporated in a matrix (liquid or solid). Figure 2 shows
the decision diagram; the reasoning is discussed later in more
detail. First, if it is not a nanomaterial as defined by ISO
[1] and the European Commission [24], a normal approach
can be used. Otherwise, it is assumed that it contains
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Figure 1: The control banding planning step combines hazard and
emission potential information to inform about a possible CB-
strategy resulting in an action plan, if deemed feasible.
nano-objects that can cross biological barriers [25]. The sec-
ond step identifies nanomaterials already classified by a rele-
vant authority (e.g., for Nano-TiO2 and Carbon NanoTubes,
the Swiss authorities already published recommended expo-
sure limits [8]), in which case that classification should
be used for defining the hazard band (see Supplemental
Material available online at doi:10.1155/2012/879671). If this
(not already classified) nanomaterial is a long biopersistent
fibre, then the band is that of the maximum hazard, which
requires a full risk assessment. If “no” then the hazard
banding process can be applied to this nanoproduct.
When there is a bulk material, an initial allocation of the
nanomaterial to one of five hazard bands (HB1–5) relates to
the classification of the bulk material according to the CLP
Regulation (drawn from COSHH essential tools, reproduced
from [22], table in the online supplementarymaterial). In the
case where there is no bulk material but there is an analogous
material, the process is almost the same, but the level is
increased by one band to reflect the added uncertainty.
An analogous material is defined in this context to be a
substance or material with a similar composition and/or
crystalline phase from the same chemical category and
with similar documented physicochemical properties (metal
oxides, graphite, ceramics, etc.) as the substance of interest
[22]. A comprehensive hazard assessment is recommended
if there is neither a bulk nor an analogous substance. For
the purpose of the CB, the hazard band should be set
to level 5 until more information is available. Finally, to
account for deficiencies in terms of information on the
nanomaterial’s toxicity, increment factors are assigned based
on the materials’ solubility and reactivity. If no information
is known about dissolution time or the reactivity, the user
should sway to the safe side by increasing the hazard band
(or try to find the answer, e.g., from the producer).
Thus, after analysing the product’s toxicity criteria and
referring to the hazard group allocation of the e-COSHH
Essentials tool [26], the hazard levels adopted by the experts
who participated in the method’s development are presented
as follows:
(i) HB1: very low: no significant risk to health;
(ii) HB2: Low: slight hazard—slightly toxic eﬀects rarely
requiring medical follow-up;
(iii) HB3: moderate: moderate to significant health eﬀects
requiring specific medical follow-up;
(iv) HB4: high: unknown health eﬀects or serious hazard:
material highly toxic, sensitising, or with unknown
eﬀects on health or the environment. (Emission
or exposure in the environment requires a specific
survey);
(v) HB5: very high: severe hazard requiring a full hazard
assessment by an expert from the central support
team.
When duly justified, the hazard band obtained using the
given lattice (see Figure 2) can be changed. Such a change
should be undertaken only when supported by unequivocal
scientific data or by an assessment from a specialist in nano-
toxicology.
2.3. Allocation of Emission Potential Bands. Often in control
banding hazard bands are combined with exposure bands.
However, in our approach, the emission potential is used
instead to not depend on current uncertainties related to
exposure estimation [20]. The allocation to an emission
potential band is defined according to the physical form of
the nanomaterial, whether raw or included in a matrix and
the process it will endure. The number of workers, the freq-
uency and duration of exposure, the quantity used and
existing control measures are not taken into account during
the CB process but need to be considered during the def-
inition of the action plan. The physical form to be considered
is that of the material entering the process at the work place
evaluated. Four categories of physical forms were defined for
the purpose of this approach and are listed below in order of
presumed increasing emission potential:
(i) Solid: solid materials containing nanomaterials or
having a surface that is nanostructured or covered
with nanoparticles.
(ii) Liquid: suspension of free nanoobjects and/or aggre-
gates/agglomerates of nano-objects smaller than
100 nm in a liquid medium, regardless of its viscosity.
(iii) Powder: mass of nanomaterials (free nanoobjects
and/or aggregates/agglomerates of nano-objects
smaller than 100 nm).
(iv) Aerosol: liquid or solid suspension of nanomaterials
(free nano-objects and/or aggregates/agglomerates of
nano-objects smaller than 100 nm) in a gas (includ-
ing air).
To account for the natural tendency of certain materials
to change from one physical form to another (friable
solid yielding a powder, e.g.), emission potential bands are
increased accordingly by one ormore emission levels. Finally,
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Figure 2: Flow diagram to allocate a MNM to a hazard band according to the level of knowledge on the nanomaterial.
if the physical nature of the material changes as a result of the
process used, then an increment in the emission potential
band is provided as proposed in Table 1. In a cautious
approach, processes generating dust were assumed to lead to
aerosols of nanomaterials (i.e., an increase by three bands).
If processes are combined then the increments are additive
(e.g., melting a solid containing nanomaterials followed by
spraying would lead to EP4).
2.4. Allocation of Risk Control Bands. Risk control bands are
obtained by overlapping the above-defined hazard bands and
emission potential bands. Table 2 shows thematrix of control
classes to be implemented with regard to the combination of
the hazard level and the emission potential.
Each control band corresponds to technical solutions for
collective prevention to be implemented at the work station.
They can be distinguished by the level of containment they
oﬀer to the user.
(i) CB 1: natural or mechanical general ventilation.
(ii) CB 2: local ventilation: extractor hood, slot hood,
arm hood, table hood, and so forth.
(iii) CB 3: enclosed ventilation: ventilated booth, fume
hood, closed reactor with regular opening.
(iv) CB 4: full containment: continuously closed systems.
(v) CB 5: full containment and review by a specialist
required: seek expert advice.
It should be noted that the wearing of personal protective
equipment has deliberately not been taken into account.
Indeed, personal protection should be limited to operations
for which solutions involving substitution, technical change
to a process, or collective protection cannot be implemented.
All materials in hazard band 5 are put into the highest
control band. This means that production lines/individual
SMEs need to consult with the central support team when
they set up a new process with these materials. This will give
the central support team an overview on these processes.
The added burden on the central support team is considered
moderate because in the case of many similar cases present in
the company or group of SMEs, the support teamwill already
have collected most of the information necessary for the “full
risk assessment.”
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Table 1: Definition of emission potential levels (EP) depending on the physical form of the nanomaterial matrix and specific material
transformations for diﬀerent physical forms.
Solid Liquid Powder Aerosol
EP1 EP2 EP3 EP4
Specific cases of band modification due to the natural tendency of the material or the matrix
Friable solid1 (+2 bands) Highly volatile liquid2 (+1 band)
High or moderate
dustiness powder3
(+1 band)
—
Specific cases of band modification due to process operation
Dust generated by external forces4 (+3
bands) Melting (+1 band) Dispersion
in liquid (+1 band)
Powder generated by evaporation
(+1/+2 band according to dustiness of
the powder) Spraying (+2 bands)
Spraying (+1 band) —
1
Material whose matrix is likely to release particles under low stress [57].
2According to INRS ND 2233 [10].
3Respirable fraction according to EN 15051 [58].
4External forces such as for instance, mechanical forces, electrical forces, lasers, and so forth.
Table 2: Definition of Control bands (CB) based on hazard bands (HB) and Emission potential bands (EP).
Emission potential bands
EP1 EP2 EP3 EP4
Hazard bands
HB1 CB 1 CB 1 CB 2 CB 3
HB2 CB 1 CB 1 CB 2 CB 3
HB3 CB 1 CB 1 CB 3 CB 4
HB4 CB 2 CB 2 CB 4 CB 5
HB5 CB 5 CB 5 CB 5 CB 5
Based on these control bands, an action plan will be
defined that identifies the specific technical and organisa-
tional measures that are adapted to the situation of the work-
place and the processes. The central support teammay decide
to provide here additional guidance by recommending for
often observed situations equipment and setup procedures;
operational conditions; maintenance, control, and cleaning
procedures and intervals; access control; documentation and
reporting procedures.
The result of the approach presented in this paper is
contextual and should be reviewed as soon as circumstances
change (process modifications, development of scientific
knowledge or state of the art, etc.). In accordance with
the principle of continuous improvement, the CB approach
deserves to be reiterated in order to update the result.
3. Rational
3.1. Rational for the Hazard Banding. The central element
of the above-described CB is the classification of materials
into levels of increasing hazardousness. This approach
corresponds to four key criteria we suggest being central to
describe nanomaterial toxicity: the ability to cross biological
barriers, the fibrous nature, the biopersistence, and the
reactivity of the nanomaterial. These factors were chosen
because they can be linked to other physical and chemical
properties, such as surface chemistry, crystalline form, parti-
cle morphology and size, and so forth [3, 27]. It is targeting
occupational health specialists without detailed expertise in
nano-toxicology. A similar, though a bit simpler approach
was already successfully used in the Swiss Precautionary
Matrix [28].
The Ability to Cross Biological Barriers, was repeatedly
reported for nanoparticles. They seem to easily translocate
across biological barriers implying that they can carry the
toxic substances through membranes [29] into cells and, by
translocation [30] to other organs even though only very
small quantities do translocate. Thus, this opens the way to
novel or unexpected eﬀects in cells or organs. This ability is
one key aspects that led to the development of this hazard
banding and it is the rational for question 1 and contributes
to the question about solubility.
Biopersistence, Combined with the Fibrous Nature, is
included because the occupational health literature [31–
36] suggests that all long respirable and biopersistent fibres
should be treated as asbestos unless evidence to the contrary
is obtained. This was also suggested from experimental
animal testing with carbon nanotubes [37, 38]. Hence the
full hazard assessment is required. Biopersistence in this
context can be defined as the ability of a fibre to remain
in the lung in spite of the lung’s physiological clearance
mechanisms. For defining health relevant fibres, existing
definitions [39] can be used where fibres have a length over
5 µm, a diameter less than 3 µm and a length-to-diameter
ratio over 3 : 1. This definition corresponds to the recently
published recommended exposure limit in Switzerland for
Carbon-NanoTubes and -NanoFibres [8].
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Higher Reactivity with regard to the bulk material
or analogous material covers diﬀerent paradigms of the
nanomaterials’ chemical properties that are relevant for their
potential impact on health [40, 41]. The basic definition of
“reactivity” refers to the rate at which a substance tends to
undergo a chemical reaction in time. Here we are mostly
interested in the surface chemistry and the ability of the
material to generate, directly or indirectly, reactive oxygen or
nitrogen species [40, 42, 43]. It is important in our context
because, for instance, a material with a higher specific surface
area is expected to have a higher reactivity than a material
of the same chemical composition but with a lower specific
surface area. The reactivity can also be modified by the inclu-
sion of contaminants that originate from the nanomaterial
production processes, which diﬀer from the bulk material. A
quantification of the reactivity could be done for example, by
calculating the free surface energy [44], by using reactivity
assays [45], or by estimating it in comparison to other
materials [28]. The hazard band is increased by one band if
it is not confirmed that the nanoform of the material has no
increased reactivity compared to bulk or analogous material,
thus swaying to the cautious side in case of uncertainty.
Solubility refers to the degree to which a material can be
dissolved in another material so that a single, homogenous,
temporally stable phase results. It is important not to confuse
solubility and dispersibility, as we are interested in the
potential of a material to lose its particulate character and to
change to a molecular or ionic form. This should be stressed,
as this distinction may be diﬃcult with colloidal suspensions
of nanomaterials. A possible method to assess the solubility
of a nanomaterial can be derived from the OECD test
guidelines TG105 [46]. Solubility was chosen because of
its importance in evaluating biopersistence and biokinetics.
An insoluble or poorly soluble nanomaterial will have the
opportunity to be translocated in the body from the entry
compartment (lungs, gastrointestinal tract, skin, nose) to
another and be distributed in the body towards secondary
target organs or tissues [25, 47–49]. Accumulation, also at
the entry site, enhances the risk of chronic hazardous eﬀects
[33, 50]. The potential hazard of a soluble material will be
treated as a toxicology problem of its solutes even though
there is a fair potential for diﬀerences in toxicity: a finely
dispersed soluble nanomaterial will be leading to many spots
of high local concentrations around the site of deposition
and thus more cells may be exposed to observable eﬀect
level, which ultimately would lead to a stronger, organ-wide
or systemic eﬀect. While the solubility of a nanomaterial is
considered important to assess its hazard level, there is
almost no information on the solubility threshold that would
be considered to describe a material as highly, moderately or
not at all hazardous. We decided to increment the material
by one hazard band if it does not completely dissolve in one
hour, in water [25, 51] or in a simulated lung lining fluid
[e.g., in a natural porcine surfactant preparation [52, 53]].
The limit of one hour is based on evidence that some
insoluble nanoparticles may penetrate in the epithelial cells
and deeper in lung tissues within one hour of exposure
[29, 30, 54–56], and we focused on a model based on the
airways because this is the major route for occupational
exposure.
3.2. Rational for the Emission Banding. The emission band-
ing groups thematerials into four categories of physical form:
solid, liquid, powder, and aerosol. The emission potential
increases along this sequence of physical forms. The subse-
quent band modifications re-allocate situations if the natural
tendency of the material or the process operation bring
the material into another physical form or a state that in
its nature corresponds to that. The following rational was
behind the modifications proposed in Table 1:
(i) Friable solids can break up easily into powders [57],
thus the banding is increased by two levels, which
corresponds to the level of a powder;
(ii) Nanomaterials that are dispersed in a highly volatile
liquid [10] may become again powders if the liquid
evaporates. To be on the safe side, the band is
increased by one level.
(iii) High or moderate dusty powders can easily become
airborne [58].
(iv) Generation of dust is—per definition—a process that
creates aerosols.
(v) Melting and dispersion of a solid in a liquid is—per
definition—a change of physical form.
(vi) Powder generation is—per definition—a change of
physical form. The additional increase in dependence
of dustiness was discussed above.
(vii) Spraying is—per definition—the creation of aerosols.
These emission potential bands are based on essential
natural concepts and basic definitions and thus are robust
and easy to define. It is likely that in some cases, the emission
potential band is clearly overestimating the real emission
potential. If the resulting control strategy is not easily feasible
and costly, the person doing the control banding (e.g., a line
manager) can call for a “full risk assessment.” In practice this
would mean that an expert (e.g., the company’s occupational
hygienist) evaluates the banding, re-classifies the emission
potential and documents this modification in the overarch-
ing risk management system.
4. Outlook
The here presented CB tool seems easy and simple to apply
for managing the risks of individual workplaces since it relies
on only a few parameters. However, the CB method applied
to manufactured nanomaterials requires assumptions to be
formulated on information that is desirable but unavailable.
To be able to obtain the necessary parameters for this CB,
the user should be proficient in chemical risk prevention
and have some basic knowledge on nanomaterials and
nanotoxicology. The here proposed approach needs to be
embedded in the organization’s global risk management
system, which comprises many other processes. Thus, the
safety and health specialists providing the expertise for this
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system are those that will need to provide also the nano-
specific expertise. This approach seems useful not only for
industrial companies, but also for academic institutions and
professional alliances of small andmedium enterprises where
the health and safety competencies are provided by external
oﬃces.
The proposed CB approach collapses into a regular CB
for nonnanomaterials and for MNM with existing authority-
defined classifications. Thus, it can be integrated into CB-
based risk management systems. It was designed to allow
for the easy integration of all the expected results from
toxicology and risk assessments that are currently being
conducted. However, the approach was not yet extensively
tested and still needs to be validated to be truly practical for
the proposed group of users.
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